Background: Levels of Fn14 are increased in skeletal muscle on denervation. Results: Denervation represses Dnmt3a levels and increases MAPK signaling in skeletal muscle to increase gene expression of Fn14. Conclusion: Promoter hypomethylation and MAPKs play critical roles in induction of Fn14 levels in denervated muscle. Significance: Increasing Dnmt3a or blocking MAPK signaling can be an important approach to repress Fn14 levels and denervation-induced muscle atrophy.
The TWEAK-fibroblast growth factor-inducible 14 (Fn14) system is a critical regulator of denervation-induced skeletal muscle atrophy. Although the expression of Fn14 is a rate-limiting step in muscle atrophy on denervation, mechanisms regulating gene expression of Fn14 remain unknown. Methylation of CpG sites within promoter region is an important epigenetic mechanism for gene silencing. Our study demonstrates that Fn14 promoter contains a CpG island close to transcription start site. Fn14 promoter also contains multiple consensus DNA sequence for transcription factors activator protein 1 (AP1) and specificity protein 1 (SP1). Denervation diminishes overall genomic DNA methylation and causes hypomethylation at specific CpG sites in Fn14 promoter leading to the increased gene expression of Fn14 in skeletal muscle. Abundance of DNA methyltransferase 3a (Dnmt3a) and its interaction with Fn14 promoter are repressed in denervated skeletal muscle of mice. Overexpression of Dnmt3a inhibits the gene expression of Fn14 and attenuates skeletal muscle atrophy upon denervation. Denervation also causes the activation of ERK1/2, JNK1/2, and ERK5 MAPKs and AP1 and SP1, which stimulate the expression of Fn14 in skeletal muscle. Collectively, our study provides novel evidence that Dnmt3a and MAPK signaling regulate the levels of Fn14 in skeletal muscle on denervation.
Skeletal muscle is a highly plastic tissue of human body that undergoes changes in size and contractility to meet basic functions such as locomotion, metabolism, and respiration. Although physiological remodeling confers adaptation, excessive loss of skeletal muscle mass that occurs in many chronic disease states such as cancer, diabetes, and chronic heart failure leads to morbidity and mortality (1) (2) (3) . Skeletal muscle also undergoes atrophy when its level of neuromuscular activity is reduced, including in the conditions of immobilization, unloading, and in the settings of "functional denervation" as occurs in the elderly with sarcopenia and in patients with amyotrophic lateral sclerosis (1, 4) . In almost all catabolic states, muscle atrophy occurs because of accelerated protein degradation. It is now clear that ubiquitin-proteasome system and autophagy contribute to muscle proteolysis in various conditions including in response to denervation (2, (5) (6) (7) . However, the triggering events and intracellular pathways leading to the activation of these proteolytic systems in atrophying skeletal muscle remain less understood.
TNF-like weak inducer of apoptosis (TWEAK; gene name TNFSF12) 2 cytokine and its receptor Fn14 (gene name TNFRSF12A) have been recently identified as one of the most important mediators of skeletal muscle atrophy in disuse conditions (3, 8) . Adult skeletal muscle expresses minimal levels of Fn14 in unchallenged conditions (8, 9) . Although the expression of TWEAK does not change significantly, loss of nerve supply causes a rapid and robust increase in the expression of Fn14 in skeletal muscle (8) . Elevated activity of TWEAK-Fn14 system in denervated muscle causes activation of transcription factor NF-B, which subsequently increases the gene expression of E3 ubiquitin ligase, MuRF1, a critical component of ubiquitinproteasome system in atrophying skeletal muscle (8) . The importance of TWEAK-Fn14 dyad in muscle atrophy on denervation has been confirmed by studies employing genetic mouse models. Transgenic mice overexpressing TWEAK in skeletal muscle undergo more rapid atrophy compared with wild-type mice in response to denervation. By contrast, skeletal muscle mass and function are preserved in TWEAK knock-out mice on denervation (8) . These findings have highlighted that the inducible expression of Fn14 is a rate-limiting step in denervation-induced muscle atrophy. However, the mechanisms leading to the increased gene expression of Fn14 in skeletal muscle in response to denervation remain completely unknown.
Epigenetic events play important roles in skeletal muscle remodeling in various physiological and pathological conditions (10 -12) . DNA methylation occurs as 5-methylcytosine mostly in the context of cytosine-guanine dinucleotide, so-called CpG site. It is a well studied epigenetic modification that governs transcriptional regulation and silencing (13) . Three catalytically active enzymes, DNA methyltransferase1 (DNMT1), DNMT3a, and DNMT3b, have been identified for the establishment and maintenance of DNA methylation patterns in mammalian cells. Pathologically altered DNA methylation has been described in various cancers (13, 14) , and its role is starting to be revealed in many other diseases such as multiple sclerosis (15) , Alzheimer's disease (16) , and systemic lupus erythematosus (17) . However, the role of different DNMTs in regulation of skeletal muscle atrophy program remains completely unknown.
In the present study, we have investigated the mechanisms responsible for the increased expression of Fn14 in skeletal muscle in response to denervation. Our results demonstrate that the gene expression of Fn14 in skeletal muscle on denervation is regulated through DNA methylation. Fn14 promoter contains a CpG island close to its transcription start site (TSS). Denervation of skeletal muscle leads to reduced expression of Dnmt3a and hypomethylation of multiple CpG sites in Fn14 promoter. Overexpression of Dnmt3a inhibits the expression of Fn14 and reduces atrophy in denervated skeletal muscle. Our results also demonstrate that MAPKs such as ERK1/2, JNK1/2, and ERK5 and their downstream phosphorylation targets, AP1 and SP1 transcription factors, play crucial roles in the induction of Fn14 expression in denervated skeletal muscle.
EXPERIMENTAL PROCEDURES
Animals-C57BL6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Sciatic denervation was performed following a protocol as described (8, 18) . Briefly, mice were anesthetized with an intraperitoneal injection of Avertin (2,2,2-tribromoethanol); then we shaved the right hind quarters, made a 0.5-cm incision ϳ0.5 cm proximal to the knee on the lateral side of the right leg, separated the muscles at the fascia, lifted out the sciatic nerve with a surgical hook or forceps, removed a 2-3-mm piece of sciatic nerve, and finally closed the incision with surgical sutures. At various time points postdenervation, muscle tissue was collected from euthanized mice for biochemical and histological studies. For one experiment, mice were given daily intraperitoneal injection of vehicle alone (100 l of 30% Me 2 SO in saline) or with U0126 (10 mg/kg of body weight) or SP600125 (10 mg/kg of body weight) for a total of 3 days. All experimental protocols with mice were approved in advance by the Institutional Animal Care and Use Committee at the University of Louisville.
Bioinformatics-The promoter sequences (approximately Ϫ2 kb from start codon) for human (Homo sapiens; NT_010393.16), mouse (Mus musculus; NW_004078085.1), rat (Rattus norvegicus; NW_047333.1), and bovine (Bos taurus; NW_003104571.1) were obtained from the genome database of the National Center for Biotechnology Information. Sequence homology analysis was initially preformed using two align sequences in the basic local alignment search tool (BLAST) and dot matrix at the National Center for Biotechnology Information. Next, the conserved regions between mouse and other mammalian Fn14 promoters were analyzed using ClustalX (version 2.0) and GeneDoc (version 2.7) software. Putative transcription binding sites in Fn14 promoter were identified using TFSEARCH (Searching Transcription Factor Binding Sites, version 1.3), Promo (ALGGEN), and TFbind. Outcomes for transcription factor-binding elements were used for subsequent analysis only if their threshold scores were more than 85%.
Plasmids-Mouse Fn14 promoter fragments were isolated by performing PCR using genomic DNA as template. The sequence for forward primer was as follows: 3-kb Fn14, 5Ј-GGA TTG GTC GGG CTC TCG AT-3Ј; 2-kb Fn14, 5Ј-GAG ACT GCT AAG ATT TCC AGG TCG-3Ј; 1-kb Fn14, 5Ј-TTA ATC CCA GCA CTC GGA GGC-3Ј; 0.7-kb Fn14, 5Ј-GTT GCC CTT CTC TGG ACT CCA GA-3Ј; 0.5-kb Fn14, 5Ј-TCC TGC CTA CAA TCC TAG CAC TTG-3Ј; and 0.3-kb, 5Ј-GGT CTC CAC CCC AGA ATT GCA-3Ј. Reverse primer sequence for all Fn14 constructs was 5Ј-CAC CCG CAA GCC AGA CTC AG-3Ј. For the 1-kb ⌬175 construct, we used reverse primer with sequence 5Ј-CAT TCA TTC AAC ACA GTC CCG C-3Ј. PCR products were isolated and ligated in pCR2.1 TOPO TA cloning vector (Invitrogen) and subsequently placed in front of the firefly luciferase reporter in pGL3 plasmid (Promega). We also cloned 1-kb and 1-kb ⌬175 promoter fragments in pGL4.23 [luc2/minP] vector (Promega). Wild-type Dnmt3a construct was obtained from Addgene (Cambridge, MA). An enzymatically inactive mutant of Dnmt3a (Dnmt3aPC3 VD) as described (19) was kindly provided by Dr. Taiping Chen of the University of Texas M. D. Anderson Cancer Center. pAP1-SEAP (secreted alkaline phosphatase) reporter plasmid was purchased from Clontech. SP1-luc as described (20) was kindly provided by Dr. Carlos J. Ciudad (University of Barcelona).
Electroporation of Plasmids in Myoblasts-To overexpress Dnmt3a or Dnmt3aPC3 VD protein in C2C12 myoblasts, plasmid DNA was introduced into cells by electroporation (1500 V, 10 ms for duration, three pulses) using a neon transfection system following a protocol suggested by the manufacturer (Invitrogen). After 72 h, the cells were collected for biochemical analysis.
In Vivo Gene Transfer in Skeletal Muscle-Injection of plasmid DNA into TA muscles of mice and electroporation were performed according to a protocol as described (8, 21) with minor modifications. In brief, plasmids were prepared using an endotoxin-free kit (Qiagen) and suspended in sterile saline solution. The mice were anesthetized, and a small portion of TA muscle of both hind limbs was exposed and injected with plasmid DNA (20 g in 20 l of saline). After 1 min of plasmid DNA injection, a pair of platinum plate electrodes was placed against the closely shaved skin on either side of the small surgical incision, and electric pulses were delivered transcutaneously. Four 20-ms square wave pulses of 1-Hz frequency at 75 V/cm were generated using a stimulator (model S88; Grass Technologies) and delivered to the muscle. The polarity was then reversed, and a further four pulses were delivered to the muscle. After electroporation, the wound was closed with surgical clips, and mice were returned to their cages and fed a standard diet. After 7 days of plasmid electroporation, the left hind limb was denervated, whereas the right side was only sham operated. Finally, after 3 or 14 days of denervation, the mice were sacrificed, and TA muscle was isolated and used for various biochemical and morphometric analysis.
Morphometric Analysis-Undenervated or 14-day denervated TA muscle of mice electroporated with Dnmt3a plasmid along with enhanced green fluorescence protein (EGFP)-expressing plasmid was isolated and frozen in liquid nitrogen and sectioned in a microtome cryostat. For the assessment of tissue morphology, 10-m-thick transverse sections were made and examined under Nikon Eclipse TE 2000-U microscope (Nikon). Fiber cross-sectional area (CSA) of EGFP-positive fibers in TA muscle sections was measured using Nikon NIS elements BR 3.00 software (Nikon). For each muscle, the distribution of fiber CSA was calculated by analyzing all EGFP-positive fibers as described (18) .
Global DNA Methylation Assay-Genomic DNA was isolated from undenervated and denervated TA muscle of mice or C2C12 myoblasts using DNeasy blood and tissue kit (Qiagen). Global DNA methylation was assayed using an ELISA-based commercial kit (MDQ1; Imprint methylated DNA quantification kit; Sigma-Aldrich). Two microliters genomic DNA at a concentration of 100 ng/l was diluted with 28 l of lysis and binding buffers. After incubation with the detection antibody, absorbance was read at 450 nm. Positive (methylated) and negative (unmethylated) control DNA was supplied with the kit. Global DNA methylation level was calculated as a percentage relative to methylated control DNA. All of the samples were analyzed in duplicate.
DNA Bisulfite Conversion and Sequencing-Genomic DNA from undenervated and 3-day denervated gastrocnemius muscle of mice was purified using the DNeasy blood and tissue kit (Qiagen). Genomic DNA was treated with sodium bisulfite to convert unmethylated cytosine residues to uracil using EZ DNA methylation kit (Zymo Research). PCR amplification of selected region with nested pairs of primers was carried out on the bisulfite converted DNA. PCR conditions were 95°C for 5 min and 35 cycles of 95°C for 1 min, 58°C for 1 min, and 72°C for 2 min, followed by 15 min at 72°C. PCR products were cloned into the pCR 2.1 TOPO vector (Invitrogen) and sequenced using M13 forward and reverse primers. Methylation is represented for individual CpG site for ϳ18 bacterial clones, and the average methylation of the region was examined. The results of sequencing were analyzed using BIQ software and BISMA.
Cell Culture, Transient Transfection, and Reporter Activity-C2C12 (a mouse myoblastic cell line) cells were purchased from the American Type Culture Collection. The cells were grown in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. Cells plated in 24-well tissue culture plates were transfected with different plasmids using Effectene transfection reagent according to the protocol suggested by the manufacturer (Qiagen). Transfection efficiency was controlled by cotransfection of myoblasts with Renilla luciferase encoding plasmid pRL-TK (Promega). Specimens were processed for luciferase expression using a dual luciferase assay system with reporter lysis buffer per manufacturer's instructions (Promega). Luciferase measurements were made using a luminometer (Berthold Detection Systems). SEAP activity in culture supernatants was measured by a standard assay using para-nitrophenyl phosphate as a substrate.
siRNA-mediated Knockdown-To study the effects of knockdown of c-Jun, SP1, and Dnmt3a, the medium of the cells was changed with fresh growth medium without antibiotics. The cells were transfected with 100 nM of control (scrambled), mouse SP1, mouse c-Jun, or mouse Dnmt3a siRNAs (Santa Cruz Biotechnology) using 9 l of Lipofectamin RNAiMAX (Invitrogen) and 150 l of Opti-MEM for 6 h following the manufacturer's instructions (Invitrogen). The medium of the cells was replaced with fresh medium. The cells were harvested after 72 h of transfection.
Electrophoretic Mobility Shift Assay-Skeletal muscle of mice were isolated and analyzed by EMSA as previously described (18) . In brief, 25 g of nuclear extracts prepared from control or 3-day denervated muscle was incubated with 16 fmol of 32 P end-labeled consensus oligonucleotides from mouse Fn14 promoter at 37°C for 30 min, and the DNA-protein complex was resolved on a 7.5% native polyacrylamide gel. The sequences of the oligonucleotides (underlining indicates consensus binding site) used in EMSA are as follows: SP1 (at Ϫ80-bp position), AAG GCG GGG GCG GGG GCG GAG C; AP1 (at Ϫ167-bp position), TAC TGA ACT GAC TGG GTT TAA C; AP1 (at Ϫ391-bp position), GTG GAT ATA ACT CAG TTC TCG C; and AP1 (at Ϫ504-bp position), GGC TGA GAT GAG ACA GAA TGT T. The radioactive bands from the dried gel were visualized and quantified by PhosphorImager (GE Healthcare) using ImageQuant TL software.
ChIP Assay-ChIP assay was performed according to a protocol as described (22) . Briefly, undenervated and 3-day denervated gastrocnemius (GA) muscle were sliced in small pieces and cross-linked with chromatin using 1% formaldehyde for 10 min. Cross-linking was stopped by adding glycine to a final concentration of 0.125 M for 5 min. After two washes with 0.05 mM PMSF in PBS, the tissue was disrupted by mechanical grinding in PBS containing 0.5 mM PMSF and 2ϫ protease inhibitor mixture. Cells were lysed in 10 mM Hepes, pH 8, 85 mM KCl, 0.5% Igepal, and 2ϫ protease inhibitor mixture. The nuclear fraction was collected by centrifugation and lysed for 20 min in 50 mM Tris-HCl, 10 mM EDTA, 1% SDS at 4°C. Nuclear extracts were sonicated (25 strokes at 30% for 15 s followed by 60 s of rest) while being kept in an ice-water bath. The lysate was cleared with salmon sperm DNA/protein G-agarose slurry (Cell Signaling Technology). Approximately 200 l of chromatin fraction was used for each immunoprecipitation assay. After a 5ϫ dilution in ChIP dilution buffer, 20 l were separated (input), and the remaining diluted chromatin was incubated with the indicated antibody or mouse IgG (negative control). Detection of the immunoprecipitated DNA was performed by PCR with primers specific to Fn14 promoter region. Specifically, to detect Dnmts and SP1 binding at Ϫ80 bp in Fn14 promoter, we amplified the 123-bp segment corresponding to region Ϫ143 to Ϫ20 from ATG (start codon in Exon 1) using primers: CTT ACT CGC AAA GCA GAG TG (forward) and GAA CTG TCT GCT CCC ACC AC (reverse). For the AP1 site at Ϫ167 bp, we amplified the region from Ϫ243 to Ϫ123 using primers: TCG TGG GTA CTC AAG TTT GC (forward) and CCA CTC TGC TTT GCG AGT AA (reverse). For the AP1 site at Ϫ391 bp, we amplified the 171-bp segment corresponding to region Ϫ417 to Ϫ246 using primers: CAA GCA AAC ATA AAG GAT GTG TGG (forward) and TGG AGC GAA GGA AAT CAG TT (reverse). For the AP1 site at the Ϫ504-bp position, we amplified the 143-bp segment corresponding to region Ϫ610 to Ϫ467 using primers: GCC AAC ATC AAG ATC AGC CT (forward) and TCC CAG AGT AGC CTC GAA TT (reverse).
Western Blot-Quantitative estimation of specific protein was performed following a method as described (8, 18) . In brief, protein extracts were prepared from cultured cells or skeletal muscle of mice in lysis buffer (50 mM Tris-Cl, pH 8.0, 200 mM NaCl, 50 mM NaF, 1 mM DTT, 1 mM sodium orthovanadate, 0.3% Igepal, and protease inhibitors). Approximately, 100 g of protein was resolved on each lane on 10 -12% SDS-PAGE, electrotransferred onto nitrocellulose membrane, and probed using anti-Fn14 (Cell Signaling Technology), anti-Dnmt1 (Imgenex), anti-Dnmt3a (Cell Signaling Technology), anti-Dnmt3b (Imgenex), anti-c-Jun (Santa Cruz Biotechnology), anti-SP1 (Santa Cruz Biotechnology), anti-phospho-ERK1/2 (Cell Signaling Technology), anti-ERK1/2 (Cell Signaling Technology), anti-phospho-JNK1/2 (Cell Signaling Technology), anti-JNK1/2 (Cell Signaling Technology), anti-phospho-p38 MAPK (Cell Signaling Technology), anti-p38 MAPK (Cell Signaling Technology), anti-phospho-ERK5 (Cell Signaling Technology), anti-ERK5 (Cell Signaling Technology), anti-phosphoc-Fos (Cell signaling Technology), anti-anti-phospho-c-Jun (Cell Signaling Technology), and anti-tubulin (Cell Signaling Technology) and detected by chemiluminescence. All antibodies were used at a dilution of 1:500 except anti-tubulin, which was used at 1:3000 dilutions. The bands were quantified using National Institute of Health ImageJ software.
RNA Isolation and QRT-PCR-RNA isolation and QRT-PCR were performed using a method as previously described (8, 18) . The sequence of primers was as follows: Fn14, 5Ј-TTG GCG CTG GTT TCT AGT TTC C-3Ј (forward) and 5Ј-TGA ATG AAT GGA CGA CGA GTG G-3Ј (reverse); Dnmt1, 5Ј-GCA AGT CGG ACA GTG ACA-3Ј (forward) and 5Ј-AGT GGG GCC CTT CGT GAA GTG A-3Ј (reverse); Dnmt3a, 5Ј-GCT CTT GCT TAC AAA GAC CAC GGC A-3Ј (forward) and 5Ј-CTC CTG TTC CTC TCC TTC CTT TCG A-3Ј (reverse); Dnmt3b, 5Ј-GCC ATC CGT TCT CGG CTC TCC-3Ј (forward) and 5Ј-ACC AGA GAA CAA AAG TCG AAG ACG C-3Ј (reverse); and ␤-actin, 5Ј-CAG GCA TTG CTG ACA GGA TG-3Ј (forward) and 5Ј-TGC TGA TCC ACA TCT GCT GG-3Ј (reverse).
Statistical Analysis-The results are expressed as means Ϯ S.D. Statistical analyses used Student's t test to compare quantitative data populations with normal distribution and equal variance. A value of p Ͻ 0.05 was considered statistically significant unless otherwise specified.
RESULTS

Fn14 Promoter Contains Evolutionary Conserved Region
Essential for Its Transactivation-Fn14 (gene name Tnfrsf12a) was originally identified in genetic screen for growth factorinducible genes in murine NIH 3T3 fibroblasts (23) . Levels of Fn14 are dramatically induced in serum-starved NIH 3T3 upon treatment with FGF-1 and PDGF. We first investigated whether the increased expression of Fn14 in denervated muscle is a result of increased levels of FGF-1 and PDGF. Interestingly, our QRT-PCR results showed that the transcript levels of both FGF-1 and PDGF were significantly reduced in skeletal muscle 3 days post-denervation (data not shown), suggesting that these growth factors are not responsible for the up-regulation of Fn14 in denervated muscle.
Previous studies have shown that there is Ͼ90% homology between human, mouse, and rat Fn14 at amino acid sequence level (24) . To gain insight into the transcriptional regulation of Fn14 gene, we first performed in silico analysis of Fn14 promoters from different species. The TSS is located Ϫ29 bp upstream of first ATG in both mouse and rat Fn14 promoters, whereas TSS is at Ϫ87 and Ϫ23 bp in human and bovine Fn14 promoters, respectively (Fig. 1) . The promoter sequence for Fn14 appears to be ϳ2 kb because Cldn6 gene is located ϳ2 kb upstream of Fn14 gene on the same chromosome. Mouse and rat Fn14 promoter were found to be most homologous, showing ϳ61% similarity at the DNA sequence level within the 2-kb promoter region. By contrast, human, mouse, and bovine Fn14 promoter showed ϳ36% overall homology. Interestingly, the Fn14 promoter from all the species tested contained a highly conserved region of Ϫ170 bp upstream of first ATG in exon 1, suggesting that this evolutionary conserved region may be crucial for transcription of Fn14. Consistent with the previous in silico analysis (24) , we found that Fn14 promoter in all the species tested lacks a typical TATA box near TSS ( Fig. 1 ). We also searched for potential transcription factor binding sites by scanning the promoters for published and established consensus sequence. This analysis showed that 2 kb of Fn14 promoter contains conserved consensus DNA sequence for multiple transcription factors such as SP1, AP1, MyoD, GATAs, CEBP␣, and NRF2 ( Fig. 1 ).
Fn14 is expressed at very low to minimal levels in differentiated skeletal muscle of adult mice (8) . However, the levels of Fn14 are increased in response to specific catabolic stimuli such as denervation, hind limb unloading, starvation, and muscle injury (8, 21, 25, 26) . In contrast, Fn14 is constitutively expressed in many mesenchymal cells including C2C12 myoblasts and mouse primary myoblasts (27, 28) , and the levels of Fn14 are repressed upon differentiation of myoblasts into myotubes (27) . To find the minimal promoter sequence essential for the expression of Fn14 gene, mouse Fn14 promoter fragments (up to Ϫ3 kb from first ATG in exon1) were placed in front of the firefly luciferase reporter plasmid (i.e. pGL3; Promega) and transiently transfected into C2C12 myoblasts. After 48 h of transfection, luciferase activity was measured. As shown in Fig.  2A , pGL3-1kb and pGL3-2 kb constructs were most active in C2C12 myoblasts. Smaller promoter fragments (i.e. pGL3-0.3kb, pGL3-0.5kb, and pGL3-0.7kb) were also active but showed diminished luciferase activity in C2C12 myoblasts compared with pGL3-1kb or pGL3-2kb plasmids ( Fig. 2A ). To determine whether the conserved region of Fn14 promoter in different species is essential for its transactivation, we deleted 175 bp from pGL3-1kb plasmid and transfected into C2C12 myoblasts. Interestingly, this deletion made the pGL3-1kb promoter construct inactive for the expression of luciferase reporter in C2C12 myoblasts (Fig. 2B ).
We next investigated whether the conserved region in Fn14 promoter is essential for its transactivation in denervated muscle. pGL3-1kb or pGL3-1kb⌬-175bp plasmids were electroporated in TA muscle of mice. After 7 days of recovery from electroporation, mice were denervated for 3 days (meaning the sciatic nerve was transected) followed by measurement of luciferase activity. As shown in Fig. 2C , there was ϳ8-fold increase in the luciferase activity in TA muscle electroporated with pGL3-1kb plasmid on denervation. By contrast, there was no increase in luciferase activity in denervated TA muscle transfected with pGL3-1kb⌬-175bp ( Fig. 2C ). Collectively, these results suggest that evolutionary conserved a ϳ175-bp sequence upstream of ATG is essential for the transactivation of mouse Fn14 promoter.
Because Fn14 promoter is a TATA-less promoter and deletion of Ϫ175 bp rendered Fn14 promoter completely inactive, we next sought to determine whether this conserved region serves as a minimal promoter for the activation of Fn14 gene. We placed Ϫ1 kb and Ϫ1kb⌬-175bp fragments in the pGL4.23 [luc2/minP] vector (Promega), which contains a minimal promoter having a TATA box and binding sites for general transcription factors. As shown in Fig. 2D , the pGL4.23 empty vector has more basal level of luciferase activity compared with pGL3 vector in C2C12 myoblasts. Interestingly, there was no significant difference in luciferase activity between the cells transfected with pGL4.23-1kb and pGL4.23-1kb⌬-175bp ( Fig.  2D ). These results suggest that Ϫ175 bp may be the minimal promoter essential for the activation of Fn14 locus.
DNA Methylation Controls Inducible Expression of Fn14
Gene-DNA methylation is the classic epigenetic modification in mammalian cells that involves the addition of methyl group to cytosine generally at CpG dinucleotide by DNA methyltransferases (Dnmts), resulting in 5-methyl cytosine ( me C). Dense methylation of CpG islands leads to gene silencing, potentially mediated by methyl-CpG binding proteins. Conversely, demethylation often correlates with gene activation (13, 29) . One of the unique features of Fn14 promoter is that it contains a GC-rich region close to its transcription initiation sites (Fig. 1) . We analyzed a 1-kb Fn14 promoter region for potential CpG islands using online CpG Island Searcher software. The results showed that both mouse and human Fn14 promoters contain a CpG island close to TSS. The CpG island in the mouse Fn14 promoter spans up to Ϫ316 bp, whereas in human Fn14 promoter, it is up to Ϫ625 bp from first ATG in exon 1 (Fig. 3, A and  B) . To obtain initial evidence regarding whether DNA methylation plays a role in Fn14 gene expression, C2C12 myoblasts and myotubes were treated with demethylation agent 5-aza-2Ј- JULY 18, 2014 • VOLUME 289 • NUMBER 29 JOURNAL OF BIOLOGICAL CHEMISTRY 19989 deoxycytidine (5-aza-dC) for 72 h. The medium of the cells was changed every 24 h. Interestingly, 5-aza-dC increased the abundance of Fn14 in both C2C12 myoblasts and myotubes in a dose-dependent manner (Fig. 3, C and D) .
Mechanisms of Fn14 Regulation in Denervated Muscle
Fn14 Promoter Undergoes Hypomethylation in Denervated Skeletal Muscle-Because denervation of skeletal muscle causes a rapid increase in the gene expression of Fn14 (8), we next sought to determine whether the CpG island in Fn14 promoter undergoes demethylation in skeletal muscle upon denervation. To study the methylation status of Fn14 promoter especially in the conserved Ϫ170-bp region, we employed methylation-specific PCR and bisulfite sequencing, the commonly used techniques for such studies (30 -33). Genomic DNA was extracted from GA muscle of mice using a commercially available kit (Qiagen) and treated with sodium bisulfite to convert unmethylated (but not methylated) cytosine residues to uracil using EZ DNA methylation kit (Zymo Research). The modified DNA was used as a template for PCR. The results showed that mouse Fn14 promoter contains 13 CpG sites within the Ϫ170-bp region upstream of ATG (Fig. 4A ), and these sites were largely methylated in undenervated muscle (Fig. 4, B and C) . Interestingly, many CpG sites were found to be hypomethylated in denervated skeletal muscle compared with undenervated muscle (Fig. 4, B and C) . Because cultured C2C12 myoblasts constitutively express Fn14 protein, we also investigated methylation status of 13 CpG sites within Ϫ170bp region FIGURE 2. Characterization of mouse Fn14 promoter in vitro and in vivo. A, a series of 5Ј-deleted fragments (Ϫ3 to Ϫ0.3 kb) of the murine Fn14 promoter was generated and cloned at the upstream of the luciferase coding sequence into the promoter-less pGL3 plasmid and transfected into C2C12 myoblasts along with Renilla plasmid (in 1:50 ratio). Schematic representation of the promoter fragments analyzed (left panel). The promoter-driven luciferase activities were measured after 48 h of myoblast transfection. The results were normalized with an empty vector (n ϭ 4). *, p Ͻ 0.01; values vary significantly from cells transfected with empty vector (pGL3 alone). B, C2C12 myoblasts were transfected with pGL3-1kb or pGL3-1kb⌬-175bp plasmids along with Renilla plasmid, and luciferase activity was measured 48 h later (n ϭ 4). *, p Ͻ 0.01; values vary significantly from C2C12 myoblasts transfected with empty vector. #, p Ͻ 0.01; values vary significantly from C2C12 myoblasts transfected with pGL3-1kb plasmid. C, fold change in luciferase activity (normalized using Renilla luciferase) in TA muscle transfected with empty vector (pGL3), pGL3-1kb, or pGL3-1kb⌬-175bp plasmid after 3 days of denervation (n ϭ 3 in each group). *, p Ͻ 0.01; values vary significantly from TA muscle transfected with empty vector. #, p Ͻ 0.01; values vary significantly from TA muscle transfected with pGL3-1kb plasmid. D, C2C12 myoblasts were transfected with empty pGL3, empty pGL4.23, pGL4.23-1kb, or pGL4.23-1kb⌬-175bp plasmids along with Renilla plasmid and luciferase activity was measured 48 h later (n ϭ 4). *, p Ͻ 0.01; values vary significantly from C2C12 myoblasts transfected with empty vectors. Error bars represent S.D. upstream of ATG. Compared with undenervated muscle of mice, many CpG sites were found to be highly demethylated in C2C12 myoblasts (Fig. 4D) . These results suggest that demethylation at specific CpG sites in Fn14 promoter might be responsible for the constitutive expression of Fn14 in cultured cells.
Although our analysis showed that Fn14 promoter undergoes hypomethylation, it is not clear whether this phenomenon is specific to Fn14 promoter or whether there is a genome-wide change in the level of DNA methylation in skeletal muscle in response to denervation. To address this issue, we isolated genomic DNA from undenervated and denervated muscle and measured methylation levels using an ELISA-based kit. Intriguingly, overall DNA methylation level was found to be significantly reduced in denervated skeletal muscle compared with contralateral undenervated muscle of mice (Fig. 4E) . These results provide initial evidence that DNA methylation might be one of the important epigenetic events that regulates the gene expression of Fn14 in denervated skeletal muscle.
Dnmt3a Regulates the Expression of Fn14 and Fiber Atrophy in Denervated Muscle-In mammalian cells, there are three Dnmts (i.e. Dnmt1, Dnmt3a, and Dnmt3b) that cause DNA methylation. However, it remains unknown how their levels are regulated in skeletal muscle in response to denervation. QRT-PCR analysis showed that the mRNA levels of Dnmt3a are significantly reduced in denervated skeletal muscle compared with contralateral undenervated muscle. In contrast, transcript levels of Dnmt1 and Dnmt3b remained comparable between undenervated and denervated muscle of mice (Fig. 5A ). Furthermore, protein levels of Dnmt3a (but not Dnmt1 and Dnmt3b) were found to be considerably reduced in denervated GA muscle compared with contralateral undenervated muscle (Fig. 5B ). We next investigated whether Dnmts interact with methylated region of Fn14 promoter in skeletal muscle. ChIP analysis showed that all three Dnmts enrich Fn14 promoter (Fig. 5C ). Furthermore, we found that the enrichment of Dnmt3a on Fn14 promoter was reduced (ϳ65%) in denervated muscle compared with undenervated muscle (Fig. 5C ). However, there was no significant change in the enrichment of Dnmt1 or Dnmt3b on Fn14 promoter in denervated muscle compared with undenervated controls (Fig. 5C ).
To understand whether repression of Dnmt3a is a mechanism for the induction of Fn14 levels in denervated muscle, we studied the effect of overexpression of Dnmt3a on mRNA and protein levels of Fn14. TA muscle of the mice was electroporated with vector alone or Dnmt3a plasmid. The mice were denervated by transection of sciatic nerve, and the mRNA and protein levels of Fn14 in TA muscle were measured 3 days post-denervation by performing QRT-PCR and Western blot, respectively. Interestingly, overexpression of Dnmt3a significantly reduced both mRNA and protein levels of Fn14 in denervated TA muscle (Fig. 5, D and E) . To further understand the role of Dnmt3a in Fn14 expression, we overexpressed wild-type Dnmt3a protein in C2C12 myoblasts and studied protein levels of Fn14. As shown in Fig. 5F , forced expression of Dnmt3a drastically reduced the levels of Fn14 protein in C2C12 myoblasts. We also studied the effects of overexpressed Dnmt3aPC3 VD mutant, which is enzymatically dead and functions as dominant negative inhibitor of Dnmt3a (19) , in C2C12 myoblasts. The results showed that overexpression of Dnmt3aPC3 VD increased the levels of Fn14 protein in C2C12 myoblasts (Fig. 5G ). Finally, siRNA-mediated knockdown of Dnmt3a significantly increased (control siRNA versus Dnmt3a siRNA: 1.0 Ϯ 0.78 versus 2.84 Ϯ 0.37) the abundance of Fn14 protein in C2C12 myoblasts (Fig. 5H ). Collectively, these results suggest that Dnmt3a represses the levels of Fn14 in myogenic cells.
Because Dnmt3a regulates gene expression of Fn14 in skeletal muscle on denervation, we also evaluated whether Dnmt3a has a role in denervation-induced skeletal muscle atrophy. TA muscle of wild-type mice was electroporated with vector alone or Dnmt3a plasmid. Efficiency of gene delivery was monitored by co-electroporation with EGFPexpressing plasmid as described (21) . The mice were then denervated for 14 days followed by quantification of fiber CSA. Interestingly, overexpression of Dnmt3a significantly inhibited the denervation-induced loss in fiber CSA (Fig. 6, A  and B) . Collectively, these results suggest that denervation represses the expression of Dnmt3a, which leads to its reduced enrichment at CpG sites in Fn14 promoter leading to Fn14 promoter hypomethylation and activation.
SP1 and AP1 Transcription Factors Bind to Fn14 Promoter in Denervated Skeletal Muscle-Although Fn14 is a TATA-less promoter, it contains a consensus DNA sequence for several transcription factors including SP1 near its TSS. It has been suggested that the SP1-mediated TATA-less mechanism causes preferential responsiveness to specific activators for many genes (34) . In addition to SP1, our in silico analysis showed that the 1-kb region of Fn14 promoter contains consensus sequence for many other transcription factors such as NRF2, MyoD, AP1, GATAs, and C/EBP␣ (Fig. 1) . Because mere presence of consensus sequence does not always guarantee that transcription factor will bind, we first performed EMSA to study the binding of specific transcription factors to their consensus sequence in Fn14 promoter. As shown in Fig. 7A , DNA binding activity of SP1 to its consensus sequence at Ϫ80 bp upstream of ATG was significantly increased in denervated muscle. Furthermore, EMSA showed that AP1 binds to three consensus AP1 binding sites (at Ϫ167, Ϫ391, and Ϫ504 bp upstream of ATG) in Fn14 promoter (Fig. 7A) . By contrast, there was no increase in DNA binding activity of NRF2, GATAs, and C/EBP␣ transcription factors to their consensus sequence in Fn14 promoter in denervated muscle (data not shown). SP1 also bound to another consensus sequence (at Ϫ177 bp upstream of ATG) in Fn14 promoter. However, there was no difference in the level of binding at this sequence between undenervated and denervated muscle (data not shown).
To further ascertain whether SP1 and AP1 interact with Fn14 promoter in vivo, we performed ChIP assay. As shown in Fig.  7B , enrichment of SP1 at the Ϫ80-bp sequence in Fn14 promoter was significantly increased (ϳ18-fold) in denervated muscle compared with contralateral undenervated controls. Similarly, enrichment of AP1 was also increased by ϳ300-fold at Ϫ167, ϳ50-fold at Ϫ391, and ϳ75-fold at Ϫ504 consensus binding sites (Fig. 7C ). To determine whether SP1 and AP1 transcription factors play a role in Fn14 expression, we investigated the effects of knockdown of SP1 and c-Jun (a subunit of AP1) on the levels of Fn14 protein in cultured myoblasts. Interestingly, siRNA-mediated knockdown of SP1 significantly reduced protein levels of Fn14 (control siRNA versus SP1 siRNA, 1.0 Ϯ 0.34 versus 0.4 Ϯ 0.09) in myoblasts (Fig. 7D) . Similarly, knockdown of c-Jun significantly diminished the levels of Fn14 protein (control siRNA versus c-Jun siRNA, 1.0 Ϯ , and unrelated protein tubulin in undenervated and 3-day denervated GA muscle of mice. C, sheared chromatin prepared from undenervated and denervated GA muscle was subjected to ChIP analysis probing for Dnmt1, Dnmt3a, and Dnmt3b antibody. The data presented here demonstrate that enrichment of Dnmt3a (but not Dnmt1 or Dnmt3b) to Fn14 promoter is reduced upon denervation. D, TA muscle of mice was electroporated with vector alone or with Dnmt3a plasmid followed by denervation for 3 days. Relative mRNA level of Fn14 in vector alone or Dnmt3a transfected undenervated and denervated TA muscle (n ϭ 4). *, p Ͻ 0.01; values vary significantly from contralateral undenervated muscle. #, p Ͻ 0.01; values vary significantly from denervated muscle transfected with vector alone. E, Western blot analysis demonstrating the protein levels of Fn14 and Dnmt3a in undenervated and denervated TA muscle transfected with vector alone or Dnmt3a plasmid. F and G, C2C12 myoblasts were transfected by electroporation with vector alone, wild-type Dnmt3a, or mutant Dnmt3aPC3 VD plasmid for 72 h. Cellular extracts prepared were probed for protein levels of Fn14 and Dnmt3a by Western blot. Representative immunoblots presented here demonstrate that overexpression of wild-type Dnmt3a reduced, whereas overexpression of enzymatically dead Dnmt3aPC3 VD mutant increased the protein levels of Fn14 in C2C12 myoblasts. H, C2C12 myoblasts were transfected with control or Dnmt3a siRNA followed by measurement of protein levels of Dnmt3a and Fn14. Representative immunoblots from two independent experiments each done in triplicate show that knockdown of Dnmt3a increases the levels of Fn14 in C2C12 myoblasts. Un, undenervated; Dn, denervated.
0.36 versus 0.37 Ϯ 0.23) in myoblasts ( Fig. 7E ), suggesting that both SP1 and AP1 are involved in the gene expression of Fn14 in myogenic cells.
MAPKs Are Involved in the Increased Levels of Fn14 in Denervated Skeletal Muscle-We next investigated the mechanisms by which denervation increases the activity of AP1 and SP1 transcription factors in muscle cells. Several published studies have shown that MAPKs such as ERK1/2 and JNK1/2 phosphorylate subunits of AP1 transcription factor, leading to its nuclear translocation and up-regulation of target genes (35) . Furthermore, ERK5 has been recently found to increase the activity of SP1 in myogenic cells (36) . Protein extracts prepared from undenervated and 3-day denervated GA muscle of mice were immunoblotted with phospho-ERK1/2, phospho-JNK1/2, phospho-p38, and phospho-ERK5 antibody. Interestingly, the phosphorylation of ERK1/2, JNK1/2, and ERK5 was found to be significantly up-regulated in skeletal muscle upon denervation (Fig. 8, A and C) . Furthermore, the phosphorylation of c-Jun . SP1 and AP1 transcription factors bind to mouse Fn14 promoter in denervated skeletal muscle. A, EMSA gels presented here demonstrate that DNA binding activity of SP1 and AP1 to their consensus sequence at indicated positions upstream of ATG in Fn14 promoter is increased in GA muscle of mice after 3 days of denervation. B and C, undenervated and 3-day denervated GA muscle of mice was processed for ChIP assay to study in vivo binding of SP1 (B) and c-Jun (C) to their consensus sequence in mouse Fn14 promoter. The data presented here demonstrate that enrichment of SP1 and c-Jun to Fn14 promoter is drastically increased in denervated GA muscle of mice. PCR was performed with primer sets amplifying SP1 (Ϫ80 bp) or AP1 (Ϫ167, Ϫ391, and Ϫ504 bp) consensus sequence containing fragments within the Ϫ1-kb region of mouse Fn14 promoter. Total input (10%) was used as a positive control, whereas the isotype-matched IgG was used as a negative control. Myoblasts were transfected with control, SP1, or c-Jun siRNA for 48 h, and the protein extracts made were probed for Fn14, SP1, and c-Jun. D and E, representative immunoblots from two independent experiments each done in triplicate presented here demonstrate that knockdown of SP1 (D) or c-Jun (E) decreased the protein levels of Fn14 in myoblasts.
subunit of AP1 was also found to be drastically increased in denervated muscle compared with undenervated controls (Fig.  8, B and C) . In contrast, the phosphorylation levels of p38 MAPK remained comparable between undenervated and denervated GA muscle (Fig. 8A) .
To understand whether MAPKs are involved in the expression of Fn14, we performed both in vitro and in vivo studies. We used two different MEK inhibitors, U0126 and PD184352, which have different specificities. U0126 inhibits both ERK1/2 and ERK5 pathways, whereas PD184352 specifically inhibits ERK1/2 without affecting ERK5 pathway (36) . As shown in Fig. 8D , treatment with U0126 reduced (ϳ90%) the levels of Fn14 protein in C2C12 myoblasts. Moreover, treatment with PD184352 and SP600125 (an inhibitor of JNK1/2) also diminished (ϳ50%) protein levels of Fn14 in C2C12 myoblasts (Fig. 8D ). Before testing them in vivo, we first sought to determine whether U0126 and SP600125 affect the activity of AP1 and SP1 using reporter assays. C2C12 myoblasts were transiently transfected with pAP1-SEAP or pSP1-luc reporter plasmids followed by treatment with U0126 or SP600125. As shown in Fig. 8E , treatment with U0126 significantly reduced the transactivation of both AP1 and SP1 reporters in C2C12 myoblasts. By contrast, SP600125 inhibited only AP1 without having any significant effect on the transactivation of SP1 (Fig. 8E) . These results suggest that MAPKs regulate the activity of SP1 and AP1 in myogenic cells. To evaluate the role of MAPK-AP1 signaling in denervation-induced increase in the levels of Fn14, we treated mice with U0126 or SP600125 and studied the levels of Fn14 in skeletal muscle 3 days postdenervation. The results showed that treatment with either U0126 or SP600125 reduced the protein levels of Fn14 in denervated skeletal muscle (Fig. 8, F and G) . Interestingly, whereas U0126 was more effective than SP600125 in reducing Fn14 levels in cultured myoblasts, in denervated muscle SP600125 was more effective than U0126 in reducing the levels of Fn14. This discrepancy could be attributed to difference in their effective concentration in vivo or bioavailability of these compounds after administration in mice. Nevertheless, because both U0126 and SP600125 reduced the levels of Fn14 in denervated muscle, it is evident that MAPK signaling is essential for the upregulation of Fn14 in denervated skeletal muscle.
DISCUSSION
Loss of nerve supply causes progressive skeletal muscle atrophy. Recent studies have identified a few transcription factors, such as Foxo, myogenin, NF-B, and AP1, that cause skeletal muscle atrophy through augmenting the expression of various atrogenes (37) (38) (39) (40) (41) (42) . It has been also reported that the expression of TWEAK receptor Fn14 is rapidly increased in various disuse conditions including denervation and that TWEAK-Fn14 dyad drives a muscle atrophy program through the activation of NF-B and ubiquitin-proteasome system (8, 26) . TWEAK receptor Fn14 is quite unique among the members of TNF receptor superfamily (TNFRSF). It is the smallest member of the TNFRSF and lacks a death domain in its cytoplasmic tail. Although most members of TNFRSF are constitutively expressed, the expression of Fn14 is highly inducible in many organs including skeletal muscle, kidney, and liver in response to injury (43, 44) . However, the mechanisms that regulate the inducible expression of Fn14 have not been yet identified.
Fn14 promoter lacks the typical TATA box sequence important for mammalian transcription initiation; however, it contains a consensus SP1 sequence close to the TSS (Fig. 1) . Although the biological significance of TATA-less promoters remains debatable, it has been argued that SP1-mediated TATA-less mechanism causes preferential responsiveness to specific activators (34) . Methylation of cytosine within CpG sites is a major form of DNA modification that plays an important role in the regulation of gene expression (45) . DNA methylation silences gene expression by sterically hindering transcription factors from binding to their promoter or by providing binding sites for methyl-binding domain proteins that recruit histone deacetylase (HDAC)-containing repressor complexes to modify chromatin structure (29, 46) . Sequential deletion of mouse Fn14 promoter revealed that ϳ1 kb sequence upstream of the first ATG site in Fn14 exon 1 is sufficient for its full transcriptional activation in both cultured myoblasts and denervated skeletal muscle of mice (Fig. 2) . Moreover, Fn14 promoter contains a conserved region (ϳ170 bp) close to TSS, which is critical for the transactivation of Fn14 promoter in both cultured cells and denervated skeletal muscle of mice. Intriguingly, this evolutionarily conserved region also contains a CpG island, and many potential CpG sites within the CpG island are methylated in undenervated skeletal muscle. On denervation, the CpG sites within this region undergo hypomethylation with concomitant expression of Fn14 in skeletal muscle, indicating that demethylation of Fn14 promoter is an important mechanism for the inducible expression of Fn14 during denervation-induced muscle atrophy ( Figs. 4 and 5 ). It is also notable that one of the CpG sites (i.e. #6 in Fig. 4A ) that are highly demethylated upon denervation is within the consensus SP1 sequence close to TSS ( Figs. 1 and 4) . Indeed, our EMSA and ChIP analyses confirmed that the binding of SP1 to this DNA consensus sequence is enhanced in denervated skeletal muscle, and SP1 is required for the expression of Fn14 in cultured muscle cells (Fig. 7) . It is notable that although this conserved region is essential and appears to be the minimal promoter, it is not sufficient for the full transcriptional activation of Fn14. The Fn14 promoter is approximately Ϫ1 kb and contains consensus binding sites for multiple transcription factors.
Although the role of histone modifiers such as HDACs in skeletal muscle atrophy has been identified to some extent (37), it remains unknown whether DNA methylation also plays a role in denervation-induced muscle atrophy. Our study provides initial evidence that overall genome-wide methylation (Fig. 4E ) and the levels of Dnmt3a are repressed in denervated skeletal muscle of mice (Fig. 5, A and B) . Because forced expression of Dnmt3a reduced the expression of Fn14 in denervated skeletal muscle and in cultured myogenic cells ( Fig. 5) , it is likely that Dnmt3a mediates the methylation of CpG sites within Fn14 promoter in skeletal muscle. Furthermore, reduced amounts and/or interaction of Dnmt3a may also lead to an inability to re-establish DNA methylation at demethylated Fn14 locus, shifting the equilibrium toward the demethylated state in denervated muscle. Our study also demonstrates that forced expression of Dnmt3a inhibits skeletal muscle atrophy upon denervation (Fig. 6 ). Although Fn14 promoter is one of potential methylation targets of Dnmt3a, it is also possible that Dnmt3a causes methylation of several other promoters whose gene products are involved in denervation-induced muscle atrophy. Identification of additional targets of Dnmt3a-mediated methylation in denervated skeletal muscle is a key area for future research.
Our results show that MAPK signaling and AP1 transcription factor are also important regulators of gene expression of Fn14 in denervated skeletal muscle ( Figs. 7 and 8) . AP1 is composed of homodimers and heterodimers of Jun and Fos family proteins (47) . It is also one of the most important transcription factors activated through MAPK signaling cascades (47) . A plethora of literature now exists suggesting that the activation of MAPK-AP1 is responsible for various biological responses including cellular proliferation in response to growth factors and serum stimulation (35) . Indeed, Fn14 was identified in a genetic screen as one of the highly inducible genes in serumstimulated cells (23, 48) . Our results demonstrate that denervation causes rapid activation of ERK1/2 and JNK1/2 in skeletal muscle (Fig. 8A) . Furthermore, the phosphorylation of c-Jun subunit of AP1 is increased in denervated skeletal muscle of mice ( Fig. 8B) , indicating that muscle denervation causes the activation of AP1 through stimulating MAPK signaling pathways in skeletal muscle. Fn14 promoter contains multiple AP1 binding sequences, and our results validate that AP1 binds to at least three AP1 consensus DNA sequence within the Ϫ1-kb promoter region of Fn14 (Fig. 7, A and C) . Furthermore, siRNA-mediated knockdown of c-Jun or pharmacological inhibition of MAPKs reduced the levels of Fn14 protein in cultured myoblast or denervated muscle, confirming that MAPKs and AP1 are required for the expression of Fn14 ( Figs. 7E and 8, D,  F, and G) .
The mechanisms by which denervation causes the activation of MAPKs and AP1 in skeletal muscle remain enigmatic. However, a previous study has demonstrated that the expression of HDAC4 is highly up-regulated in denervated muscle, and it mediates atrophy through augmenting the expression of muscle-specific E3 ubiquitin ligases, MAFBx and MuRF1 (37) . More recently, it has been reported that HDAC4 binds and promotes the deacetylation and activation of MEKK2, which leads to the activation of downstream MAPK cascades and AP1 transcription factor (42) . The role of HDAC4-MAPK-AP1 signaling cascade in denervation-induced muscle atrophy has been validated by the findings that knockdown of HDAC4 or the components of AP1 rescues muscle atrophy to similar extents (42) . The results of the present study suggest that Fn14 is one of the important downstream targets of HDAC4-MAPK-AP1 signaling during denervation-induced muscle atrophy.
Intriguingly, we have also found that the activation of ERK5 is increased in skeletal muscle in response to denervation ( Fig. 8, A and C) . Although the role of ERK5 in muscle atrophy remains unknown, ERK5 phosphorylates SP1 transcription factor, leading to its binding to the consensus DNA sequence in the promoters of Klf2/4 genes in myogenic cells (36) . Because binding of SP1 to Fn14 promoter is increased in denervated skeletal muscle, it is possible that activation of ERK5 stimulates SP1 activity, leading to the increased expression of Fn14. Previous studies have demonstrated that SP1 also gets activated and plays an important role in muscle atrophy in response to dexamethasone treatment (49, 50) . SP1 binds to promoter region and augments gene expression of ubiquitin, leading to increased activation of ubiquitinproteasome system. Interestingly, U0126, which inhibits both ERK1/2 and ERK5, has been shown to repress the dexamethasone-induced gene expression of ubiquitin in cultured myotubes potentially through inhibiting the activity of SP1 (49) . Taken together, these findings suggest that the activation of SP1 causes muscle atrophy through augmenting the gene expression of various proteins including Fn14 and ubiquitin.
Our results also demonstrate that Fn14 promoter is hypomethylated in C2C12 myoblasts, which may facilitate the binding of AP1 and SP1 to their consensus sequence in Fn14 promoter ( Fig. 4D ). Constitutive expression of Fn14 in cultured cells may be a result of promoter hypomethylation and increased levels of growth factors and mitogens in serum-containing medium that facilities the activation of MAPKs. Previous studies have also demonstrated that several growth factors such as FGF-1 and PDGF induce the gene expression of Fn14 in serum-starved fibroblasts (23, 51) , further suggesting that growth factors are some of the important stimuli for the increased levels of Fn14 in cultured cells. It is also notable that Fn14 is expressed at high levels in developing skeletal muscle of neonatal/young mice. However, Fn14 levels are dramatically reduced in skeletal muscle of adult mice (9) . Although it is possible that growth factors play a role in the expression of Fn14 in skeletal muscle during development, they are not the key regulators of Fn14 expression in denervated muscle of adult mice because the expression of some of these factors (e.g. FGF and PDGF) is indeed reduced in denervated muscle of mice (data not shown).
In summary, our study provides novel evidence that promoter demethylation and MAPK signaling cascades play a critical role in the increased gene expression of Fn14 during denervation-induced muscle atrophy. Our study has also identified a role for Dnmt3a in muscle atrophy in response to denervation. Although our results demonstrate that Dnmt3a and promoter demethylation are critical regulators, at present, we cannot rule out the possibility that other epigenetic regulators involved in chromatic remodeling also promote the activation of Fn14 locus in skeletal muscle on denervation. Based on the results of this study, we propose a putative model for the inducible expression of Fn14 in skeletal muscle in response to denervation ( Fig. 9 ). In undenervated skeletal muscle, Dnmt3a (and potentially other Dnmts) hypermethylates CpG sites in Fn14 promoter, which prevents binding of AP1 and SP1 to their consensus DNA sequence. Moreover, MAPKs and AP1 and SP1 are inactive in undenervated skeletal muscle. In response to denervation, the levels of Dnmt3a and its enrichment to Fn14 promoter are reduced leading to promoter hypomethylation. Denervation also stimulates ERK1/2, JNK1/2, and ERK5 pathways, which cause the activation and nuclear translocation of AP1 and SP1 and their interaction with hypomethylated promoter to initiate the gene expression of Fn14 ( Fig. 9 ).
